Involvement of an epithelium-speci®c transcription factor ESE-1/ESX/ELF3/jen (ESE-1) in corneal epithelial cell differentiation was investigated. ESE-1 was reported to be induced during terminal differentiation of the epidermis and primary keratinocytes and to transactivate target genes through ets binding sites. However, its expression and function in corneal epithelium have not been examined. We report here that ESE-1 is upregulated upon differentiation in mouse corneal epithelium and in immortalized human corneal epithelial cells (HCE). ESE-1 transactivates through the regulatory element of cornea-speci®c K12 keratin. Moreover, introduction of ESE-1 antisense RNA in HCE cells affect their differentiation. These data suggest the involvement of ESE-1 in differentiation of corneal epithelial cells. q
Introduction
Corneal epithelium is a strati®ed squamous epithelium situated in the outer layer of the cornea, the transparent anterior segment of the eye. Clinically this region is important since it is often affected in disease. Therefore the study of the normal functions of corneal epithelial cells is essential for a more profound understanding of the pathology of corneal disorders.
Differentiation of the corneal epithelial cells is an important process in maintenance of a normal ocular surface. The rapid turnover rate resembles that of epidermal cells, differentiating from the basal cells to the super®cial cells in about 7 days (Hanna et al., 1961) . Differentiation of corneal epithelial cells is characterized by several features. Morphologically, they stratify with the super®cial cells¯attened; biochemically, upregulation of markers such as corneaspeci®c cytokeratins, K3 keratin and K12 keratin, are observed (Schermer et al., 1986; Chaloin-Dufau et al., 1990) . Several cytokines and vitamin A are known to be extracellular signals that control differentiation or proliferation of corneal epithelial cells Tseng, 1993, 1994; Wilson et al., 1994; Li et al., 1996; Nishimura et al., 1998) . However, little is known about transcription factors that play a role in controlling corneal cell differentiation intracellularly.
Recently, a transcription factor ESE-1 (also known as ESX, ELF3 or jen), was reported to be speci®cally expressed in a wide range of epithelial cells and to be related to their differentiation (Chang et al., 1997; Oettgen et al., 1997; Tymms et al., 1997; Andreoli et al., 1997) . ESE-1 is a member of the ets family of transcription factors, which share a highly conserved DNA binding domain, the ETS domain (Wasylyk et al., 1993) . ets factors are known to play a critical role in transcriptional control of stringently regulated genes, such as genes involved in tissue development, differentiation, angiogenesis, cell cycle control, and cell proliferation (Janknecht and Nordheim, 1993; Wasylyk et al., 1993) . Most ets family members are widely distributed in many kinds of tissues and cells; only a few demonstrate cell-type-speci®city (Janknecht and Nordheim, 1993) .
The ESE-1 gene is expressed exclusively in tissues with a high content of epithelial cells including skin, small intestine, colon, and kidney. Detailed in situ hybridization analyses revealed that ESE-1 expression is restricted to epithelial cells (Chang et al., 1997; Oettgen et al., 1997; Tymms et al., 1997; Andreoli et al., 1997) . ESE-1 expression is induced during terminal differentiation of epidermal keratinocytes both in vivo and in vitro (Oettgen et al., 1997) .
It is also known to directly transactivate SPRR2A and EndoA, genes speci®cally expressed in keratinocytes and simple epithelium, respectively, through binding to consensus ets binding sites located in their promoters (Oettgen et al., 1997) . Thus, the restricted expression of ESE-1 in a variety of epithelial cells suggests it to be an important regulator of epithelial cell differentiation.
In this study, to examine the molecular mechanisms controlling corneal epithelial cell differentiation, the expression of the ESE-1 gene product was investigated in mouse corneal epithelium and in vitro differentiation system. To investigate its potential involvement in corneal epithelial differentiation, a reporter gene assay and an antisense RNA introduction experiment were performed.
Results

Expression of ESE-1 in corneal epithelial cells in vivo
To investigate the potential involvement of ESE-1 in corneal epithelium, we ®rst examined its expression by in situ hybridization. In the adult mouse eye, clear signals for ESE-1 were detected in corneal epithelium as well as conjunctival epithelium (Fig. 1A ) in contrast to the expression of K12 keratin, one of the cornea-speci®c keratins, restricted to the cornea ( Fig. 1B ; Liu et al., 1993) . No signals were detected with the sense probes (data not shown). In the strati®ed epithelium of the central cornea, the least differentiated cells are located at the basal layer, and as differentiation proceeds, cells migrate to the super®cial layer and become¯attened. In the central cornea, the signal was stronger in the¯attened super®cial cells than in the basal cells apparently correlating with cellular differentiation (Fig.  1C) . Similar patterns of ESE-1 expression have been observed in other epithelial tissue, i.e. epidermis, stomach and colon (Andreoli et al., 1997; Oettgen et al., 1997) . In the peripheral region of the cornea, speci®cally designated as the limbus, the strongest signals were observed in the outermost layer (Fig. 1E ). In the limbal basal cells (Fig. 1E,  arrows) , which represent the stem cell population of cornea (Schermer et al., 1986; Cotsarelis et al., 1989) , the signal was rather weak.
ESE-1 is expression mostly parallels with that of K12 keratin, one of the differentiation marker of corneal epithelium ( Fig. 1) , although K12 keratin is never expressed in the conjunctival region. However, some differences can be pointed out. First, K12 keratin was hardly detected in the limbal region (Fig. 1B) . This result is different from the previous observation that demonstrated the limbal expression of K12 keratin in mice by in situ hybridization (Liu et al., 1993) . This discrepancy might be due to the differences of experimental conditions such as probe sequence and the way of detection (digoxigenin-labeling vs. radio-labeling) or of identi®cation of the limbus. Second, in the central portion of the cornea, ESE-1 expression gradient from basal to super®cial cells is apparently sharper than that of K12 keratin. Altogether, ESE-1 expression is highly related to corneal epithelium differentiation from morphological and biochemical point of view.
In the mouse developing eye, ESE-1 transcripts were also detected exclusively in corneal epithelium and conjunctiva. In the cornea, ESE-1 signal was not detected at 13.5 days post coitum (E13.5, Fig. 2A ). It was detected weakly at E16.5 ( Fig. 2B ) and persisted throughout the later stages of development (P0 in Fig. 2C and P3 in Fig. 2D ). No signal was detected with the sense probe (data not shown). In conjunctival epithelia, the onset of ESE-1 expression was earlier than in cornea; it was already detectable at as early as E13.5. In our experimental resolution, K12 keratin expression was observed in a parallel manner with ESE-1 in the corneal region of epithelium, but was never observed in the conjunctiva (Fig. 2A±D, insets ). This observation, again, is not compatible with the previous study (Liu et al., 1993) , claiming that mouse K12 keratin transcript is ®rst detected at postnatal day 4. We believe this is due to the difference in sensitivity of in situ hybridization. Indeed, according to other reports, K12 keratin immunostaining of the mouse cornea was ®rst detected at E15 (Kurpakus, 1993) and that of the rabbit cornea in 17-day embryo (Chaloin-Dufau et al., 1990) .
Thus throughout the course, ESE-1 expression was closely related to corneal epithelial cell differentiation both in adult and embryo, compatible with the idea of its positive effect in differentiation.
Expression of ESE-1 in corneal epithelial cells in vitro
We next investigated ESE-1 expression during in vitro differentiation of the human corneal epithelial cell, HCE. HCE is a cell line immortalized by SV40-adenovirus recombinant vector established by Araki-Sasaki et al. (1995) . HCE cells are induced to differentiate in a prolonged con¯uent culture as described (Araki-Sasaki et al., 1995) . The overall expression of ESE-1 transcripts during differentiation was examined by Northern blotting (Fig. 3) . ESE-1 expression was weak in undifferentiated HCE cells (d1), but it increased dramatically during the course of cultivation. K12 keratin was expressed in the undifferentiated state to some degree and its upregulation was observed apparently later than that of ESE-1. As described by Araki-Sasaki et al. (1995) and shown in Fig. 4A , proliferating HCE cells are monolayered and undifferentiated, showing only faint and diffuse staining for K3 keratin, another cornea-speci®c keratin (Schermer et al., 1986; Araki-Sasaki et al., 1995) . In con¯uent culture, cells become strati®ed and formation of ®lamentous K3 keratin structure is detected (Araki-Sasaki et al., 1995; Fig. 4B ). Differentiation did not occur uniformly, and monolayered cells with negative or only weak staining were also seen (Fig. 4B, arrow) . Here, the localization of ESE-1 transcripts was visualized by in situ hybridization. In the undifferentiated culture, ESE-1 signals were weakly detected in almost all the monolayer cells (Fig. 4C ). In the differentiated culture, ESE-1 signals accumulated in the strati®ed region, i.e. differentiated region (outlined in white), whereas only weak signals were detected in nonstrati®ed cells (Fig. 4D) . These results indicate that ESE-1 expression is related to HCE cell differentiation in vitro, as well as in vivo.
Functional involvement of ESE-1 in corneal epithelial differentiation
The close correlation between ESE-1 expression and differentiation prompted us to examine the functional relationship between them: Does ESE-1 positively regulate corneal epithelium differentiation? To address this question, two kinds of experiments were performed. First, we tested the possible transcriptional activation of ESE-1 on K12 keratin gene. For this purpose, a reporter gene containing mouse K12 keratin 5
H¯a nking genomic DNA region (22503 to 2189 nt relative to transcription initiation site) fused to the SV40 minimal promoter±®re¯y luciferase unit. This DNA region drives the transcription in a cornea-speci®c manner when introduced into living rabbit tissues by particle gun (Shiraishi et al., 1998) . In vitro, it mediates the transactivation by Pax-6 in corneal epithelium-derived cell lines (Shiraishi et al., 1998; Liu et al., 1999) . Pax-6 is a paired-homeo-box type of transcription factor expressed in developing and matured eye tissues including corneal epithelium and plays essential roles in organogenesis of the eye. As shown in Fig. 5 , two-to three-fold activation was observed when this reporter construct was co-transfected with various amounts of ESE-1 expression vector into HCE cells, suggesting the transcriptional activation of ESE-1 through this cis-acting element. The activation was observed when certain limited range of ESE-1 was challenged and larger amounts of ESE-1 seem to inhibit the transactivation (Fig. 5) . We believe this is, at least in part, because ESE-1 inhibits the transcription through unknown elements on the vector (open circles in Fig. 5 ) and this inhibition becomes dominant when higher amount of ESE-1 was transformed. A co-operative effect of ESE-1 and Pax-6 was not observed in our experimental condition (data not shown).
Second, we tried to reduce ESE-1 function by forced expression of ESE-1 antisense RNA in HCE cells and evaluated the differentiation state of resulting cells indicated by formation of cytoplasmic bundle structure of K3 keratin (Fig. 4B) . The transfected cells were distinguished by Xgal staining provided from co-transfected b-galactosidase. The percentage of differentiated cells in antisense-transfected cells was signi®cantly lower than that of the mock transfected cells (Fig. 6 ). These two lines of evidence indicate the idea that ESE-1 plays a role in positive regulation of corneal epithelial cell differentiation.
Discussion
Our in situ hybridization study demonstrated the expression of ESE-1 mRNA in mouse corneal epithelial cells. In the adult cornea, ESE-1 is prominent in¯attened super®cial cells while relatively weak expression was detected in cubic basal cells. Expression of K12 keratin mRNA resembles that of ESE-1 in adult mouse cornea (Fig. 1) . During development, ESE-1 expression was not detectable in E13.5 mouse cornea ( Fig. 2A) . It was ®rst detected at E16.5 and continued to be positive at P0 and P3 (Fig. 2B±D) . During these stages, corneal epithelium remains monolayered and not strati®ed ( Fig. 2 ; Liu et al., 1993) . In our hand, corneal K12 keratin expression showed an indistinguishable time course from that of ESE-1. Discrepancy with the previous study (Liu et al., 1993 , see Section 2) may be due to a difference in sensitivities.
K3 keratin is another much-investigated cornea-speci®c keratin, but somehow hardly detected in the mouse cornea (Chaloin-Dufau et al., 1993) . In the rabbit embryo, K3 keratin expression is reported to be detected ®rst much later (at 21 days) than that of K12 keratin (at 17 days) (ChaloinDufau et al., 1990) . Thus, K12 keratin is among the most sensitive (earliest) marker for corneal epithelium differentiation. Altogether, ESE-1 expression has close positive relationship with corneal epithelial cell differentiation; it parallels with K12 keratin expression and precedes morphological differentiation.
Therefore, we were prompted to test the hypothesis that ESE-1 plays some causal role in corneal epithelial cell differentiation. Two lines of evidence support this idea. ESE-1 can transactivate the K12 keratin enhancer by transient reporter gene assay. Moreover, the forced expression of antisense ESE-1 RNA resulted in suppressed differentiation. These results indicate that ESE-1 plays a positive role in progression and/or maintenance of corneal epithelial differentiation.
The 5 H enhancer of K12 keratin used in this study (Shiraishi et al., 1998) contains six or seven short nucleotide stretches matching or similar to the consensus Ets domain binding sequences (C/A GGA A/T; Wasylyk et al., 1993) . These sequences can be presumed to be ESE-1 binding sites, because ESE-1 binds to typical Ets binding sequences (Tymms et al., 1997) . Therefore, it seems most likely that ESE-1 acts directly on the K12 keratin gene through these Luciferase reporter plasmid of either pGL3 promoter vector, which contains SV40 minimal promoter¯anked to luciferase gene (designated as pro-luc, W), or K12en-pro-luc (X), which contains K12 keratin enhancer plus SV40 promoter, was co-transfected with the indicated amount of ESEcis-elements. However, further analyses are needed to verify this idea. This transactivation by ESE-1 is not very strong (two-to threefold activation). It might be the re¯ec-tion of its involvement in only a limited aspect of the K12 keratin gene activation. For example, ESE-1 might elicit the severalfold upregulation upon terminal differentiation step rather than the earlier expression observed in proliferating state (basal cells in vivo and`undifferentiated' HCE cells in vitro). It seems also likely that ESE-1 acts in corporation with other transcription factors on its target genes. Indeed, K12 keratin regulatory region contains four Pax-6 binding elements and can be activated by Pax-6 (Shiraishi et al., 1998; Liu et al., 1999) . In our hand, no co-operativity between ESE-1 and Pax-6 was observed in HCE cells (data not shown). Additional transcriptional activators or co-activator lacking in HCE cells might be involved in the transactivation of K12 keratin and other target genes. Detailed analyses are necessary to address this interesting issue.
It is well known that cornea is generated under the inducible in¯uence of the lens (Genis, 1966; Graw, 1996; Solursh et al., 1996) . Then, is there any relationship between this induction and ESE-1? Since ESE-1 is epithelium-speci®c but not cornea-speci®c, we speculate that the function of ESE-1 might be to make cells`epithelial' and maintain their epithelial' state. Therefore other intracellular mechanisms activated by some inducible signal might work in concert with ESE-1 to elicit expression of cornea-speci®c phenotypes. Pax-6 is a strong candidate participated in corneaspeci®c gene expression. However, because it is also expressed in the conjunctiva,`corneal' phenotype cannot be explained simply by these two factors. Further investigations are still required.
Investigation into the mechanisms of differentiation affected by transcription factors such as ESE-1 should lead to a more profound understanding of ocular surface physiology and pathology.
Experimental procedures
In situ hybridization of histological section
Animals were killed according to the procedure authorized by Kyoto University. Eyes of adult and E13.5, E17.5, P0, P3 ICR mice (purchased from SLC) were ®xed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) and 7-mm paraf®n sections attached onto APS-coated slide glass (Matsunami) were prepared by standard procedures. EcoRI±SspI fragment (801 bp) of EST clone (ID No. 1109729, LLNL) containing mouse ESE-1 nt 888±1681 (Tymms et al., 1997) and PCR-ampli®ed mouse K12 keratin cDNA fragments using I1D and I3R primers previously described by Liu et al. (1994) were cloned into pBluescript II SK(2) (Stratagene) and used as template for generating digoxygenin-labeled riboprobes using a DIG RNA labeling kit (Boehringer Mannheim Roche). In situ hybridization was performed as described (Kurisaki et al., 1998) .
Cell culture
A subclone of HCE (Araki-Sasaki et al., 1995) , designated HCE2, was used but referred to simply as HCE in this paper. The cells were routinely propagated in RPMI 1640 supplemented with 5% fetal calf serum, 100 units/ml of penicillin G and 100 mg/ml of streptomycin, and kept in a non-con¯uent state. To induce differentiation, cells were seeded at the density of 4 £ 10 4 cells/well (12-well plate) or an equivalent in the same medium and cultivated to a con¯uent state without passage. Collagen type I-coated culture plates (Iwaki) were used. For in situ hybridization, cells were seeded onto LAB-TEK 8-well chamber slides at the density of 2 £ 10 4 cells/well (Nunc).
Northern blotting
Total RNA samples were prepared from HCE cells at the various periods during differentiation using SV total RNA isolation system (Promega). Ten micrograms of RNA per lane was electrophoresed in a denaturing agarose gel containing formaldehyde, transferred onto Hybond N 1 membrane (Amersham Pharmacia) and hybridized with radiolabeled probes using ExpressHyb hybridization solution (Clontech) according to the manufacturer's instructions. Washing was done under stringent conditions (0.2£ SSPE, 0.2% SDS at 688C for 30 min). Imaging and quanti®cation of the radioactivity were done with STORM 640 imaging system (Amersham Pharmacia). Probes were prepared by [a- 32 P]dCTP-labeling of DNA fragments of human ESE-1 (entire open reading frame), mouse K12 keratin (the same fragment used for in situ hybridization probe) and human b-actin (gift of H. Takebayashi) using Megaprime random prime labeling kit (Amersham Pharmacia). The three probes were sequentially hybridized to the same blot.
In situ hybridization of cultured cells
Cells grown in Labtek chambers (Nunc) were ®xed in 4% PFA in PBS, treated with 0.3% Triton X-100/PBS at room temperature for 5 min and 0.2 N HCl at room temperature for 20 min, followed by 10 mg/ml Proteinase K/PBS at 378C for 10 min. After re-®xation with 4% PFA, 0.2% glutaraldehyde and acetylation with 0.2 M HCl, 1/200 (v/v) acetic anhydride, 0.1 M triethanolamine, slides were hybridized overnight at 558C with RNA probes in a mixture containing 50% formamide, 1£ Denhardt solution, 3£ SSC, 10% Dextran sulfate, 10 mM EDTA, 50 mg/ml yeast tRNA. After post-hybridization washes, slides were incubated with anti-DIG-alkaline-phosphatase antibody (Boehringer) and then with BM purple substrate (Boehringer). DNAstaining with 4 H ,6-diamidino-2-phenylindole (DAPI, Molecular Probes) was performed and specimens were mounted.
Transient luciferase reporter assay
5
H¯a nking region of the mouse K12 keratin gene was ampli®ed with polymerase chain reaction from C57Black/ 6 mouse genomic DNA using LA Taq polymerase (Takara) based on the reported sequence (Shiraishi et al., 1998; Liu et al., 1999) . The ampli®ed fragment was cloned into the XhoI±SmaI site of pGL3 promoter vector (Promega) to generate the K12en-pro-luc plasmid. Sequence of the ampli®ed region was veri®ed by ABI Prism Big Die Terminator and ABI377 sequencer (PE Biosystems). ESE-1 expression plasmid was constructed by insertion of human ESE1 open reading frame fragment so that it fused to the 5 H FLAG epitope tag in the pFLAGCMV2 vector (Sigma), resulting in pFLAGCMV2-ESE1. This vector was used for the effective production of the ESE-1 protein ensured by the translation-initiation sequence within it.
For each assay, mixed plasmid DNA of the reporter (0.3 mg of K12en-pro-luc or pGL3 promoter as a control), the transactivator (various amount of pFLAGCMV2-ESE1 and empty vector, total 1.5 mg), and the internal control (0.2 mg of pRLtk vector, Promega) was introduced into the HCE cells, which had been seeded on the previous day at the density of 10 5 cells/well (12-well dish). Lipofectamine reagent (Gibco BRL) was used for transfection. After 2 days of culture, cells were processed to the luciferase activity measurement using Dual Luciferase Assay kit (Promega) and Alvo SX multilabel counter (Wallac Berthold).
Antisense-transfection experiments
ESE-1 antisense expression vector pcDNA3/humESE-1 anti was constructed by inserting the open reading frame sequence of ESE-1 from human EST clone (ID No. 770910, LLNL) into pcDNA3 (Invitrogen) in a reverse orientation. HCE cells were seeded on 12-well plates and one day later 0.75 mg of pcDNA3/humESE-1anti or pcDNA3 was cotransfected with 0.25 mg of pcDNA3/ NLSLacZ using Lipofectamine reagent (Gibco BRL). Six days later, cells were ®xed with 2% PFA in PBS for 10 min and permeabilized with 0.25% Triton X-100 in PBS for 20 min at room temperature. Cells were stained for b-galactosidase with 5-bromo-4-chloro-3-indolyl-b-d-galactoside (X-gal) followed by staining with anti-K3 keratin monoclonal antibody AE5 (dilution 1:100, Progen) using biotinylated anti-mouse IgG and Vectastain Elite ABC kit (Vector). Then percentages of cells with cytoplasmic reticular structure stained with anti-K3 keratin antibody in bgalactosidase-positive (nuclear staining) cells were counted.
